INTRODUCTION
Exposure of civilian populations to radiation due to accident, war or terrorist act is a significant concern, and our knowledge of the best clinical management of such victims remains uncertain (1) (2) (3) (4) (5) (6) . Comparisons of signs, symptoms and clinical effects from radiation exposures in Hiroshima/ Nagasaki, the Marshall Islands, the South Urals, Wismut and Chernobyl have been reported in the literature (7) . The extent of the effects from radiation exposures associated with the recent earthquake and tsunami at the Fukushima nuclear reactors remains to be determined. Radiation damage to the bone marrow is a major concern and may be treatable by bone marrow transplantation, but the gastrointestinal tract is also radiation sensitive; another organ of similar sensitivity is the lung. These and other organs may become of significant concern in patients exposed to partial-body or nonuniform exposures, particularly in the context of multi-organ effects that can significantly affect treatment outcome (8) (9) (10) . Appropriate strategies to mitigate or treat such exposures are currently very limited (11) (12) (13) (14) (15) . However, the development of such strategies may also help to reduce normal tissue complications associated with the radiation treatment of cancers.
For victims of radiation accidents or terrorist-instigated radiation exposure, agents to reduce the effects need to be effective when administered after the exposure (i.e., they must mitigate against or treat the radiation injury), while for rescue workers a possibility exists to provide protection prior to exposure. In either case any agent proposed for treatment of victims must have low toxicity and must be widely available. Genistein is such an agent (16) . It is an isoflavone, a major component of soy products, and has been reported to have a wide range of biological activities, including anti-tyrosine kinase activity, antioxidant activity and inhibition of the activation of NFjB, one of the major transcription factors involved in inflammatory responses (17) (18) (19) . Previous studies have shown that injection of genistein 24 h prior to irradiation can provide partial protection of mice against whole-body irradiation in terms of both bone marrow response and lung response (20, 21) . Our studies have shown that administering genistein in the diet (750 mg/kg of diet) after irradiation can provide partial mitigation of radiation-induced lung damage in SpragueDawley rats and C3H mice given lung irradiation only (22) (23) (24) . Here we studied the effects in Fischer rats given lung plus whole-torso (whole body less head and tail) irradiation of increasing the dietary dose of genistein to determine if a larger dose would provide greater mitigation. We studied the combination of whole-lung and whole-torso irradiation to examine how nonlethal multi-organ damage, a possible scenario if there is a radiation accident, might affect lung response. We chose Fischer rats for the study since they are more widely used for long-term studies and have been recommended for long-term radiation studies (13, 25) . We gave treatment starting 1 week after irradiation, since many accident victims might not be able to be given treatment immediately after exposure. We terminated the treatment at 28 weeks to determine if stopping would decrease efficacy at later times.
METHODS

Animals and Drugs
Female Fischer 344 rats (Harlan Teklad, Madison, WI) were used throughout the studies and housed in animal facilities accredited by the Canadian Council on Animal Care (CCAC) and treated in accordance with approved protocols. The rats were 12-14 weeks old and weighed 200-220 g at the start of the study. In the study there were two radiation-only groups that received either whole-lung irradiation or whole-lung plus whole-torso irradiation, two genistein plus whole-lung irradiation groups, and two genistein plus whole-lung plus whole-torso irradiation groups (8 rats/group). There were also two control groups (4 rats/group); one was euthanized at the time of irradiation (12-week control) and the other was maintained throughout the study until they were euthanized at 36 weeks postirradiation (36-week control). The genistein-treated animals were fed a genistein diet (750 mg/kg or 3750 mg/kg) initiated 1 week after irradiation and maintained until 28 weeks postirradiation. The AIN-76A diet (Harlan Teklad, Madison, WI), a semi-purified casein-based diet containing no detectable phytoestrogens (limit of detection 5 pmol/liter), was used as the control diet. The genistein diet was formulated from the control diet by supplementing with 750 mg/kg or 3750 mg/kg of genistein. The genistein was chemically synthesized (Toronto Research Chemicals Inc., Toronto, Ontario) and incorporated into the AIN-76A diet at Harlan Teklad. Measurements of dietary consumption in all the treatment groups of rats at the start of treatment indicated the food intake was 24 g/day (Supplementary Fig. 1 ; http://dx.doi.org/10. 1667/RR2562.1.S1). Over the course of the experiment the animals lost some weight in the weeks immediately after irradiation and consumed less food. This was greatest in the animals given the larger dose of genistein and reduced the intake of genistein particularly in these two groups (Supplementary Fig. 1 ; http://dx.doi.org/10.1667/ RR2562.1.S1). From these measurements the calculated intake of genistein ranged from 70-90 mg/kg/day for animals on the 750 mg/ kg/day diet and from 275-450 mg/kg/day for animals on the 3750 mg/ kg/day diet. Assuming an oral bioavailability of approximately 12% (26) , the rats on the 750 mg/kg diet should have absorbed a dose of about 8.5-11 mg/kg/day and the rats on the 3750 mg/kg diet a dose of about 33-55 mg/kg/day.
Mass Spectrometry for Quantification of Serum Levels of Genistein
Genistein present in rat plasma was quantified using LC-MS after selective enzymatic hydrolysis as described by Holder et al. (27) . Briefly, 50 ll of the internal standard 3,6-dihydroxyflavone solution (250 ng/ml) was added to 0.1 ml of plasma sample. Then 2.5 ml of methyl-t-butyl ether was added and the tubes were shaken. The tubes were centrifuged and the supernatants were evaporated to dryness at room temperature. The extracts were reconstituted with 0.25 ml of methanol/water (1:1) and 10 ll was injected onto the HPLC-MS/MS system for quantitative analysis. The HPLC system (Shimadzu Corporation, Columbia, MD) was interfaced to an MDS Sciex triple quadrupole mass spectrometer (API 3200, Applied Biosystems, Foster City, CA) that was operated in the positive-ion electrospray ionization mode. For multiple-reaction monitoring, the transitions monitored were m/z 271.1 to 153.1 for genistein and m/z 255.2 to 181.2 for the internal standard. The standard curve ranges in plasma were 2.0 to 500.0 ng/ml for genistein. The data collection, peak integration and calculation were performed using Applied Biosystem MDS Analyst 1.4.2 software. We compared the plasma levels of free genistein from the two different diets using plasma samples taken at 16 and 28 weeks postirradiation. We found (Fig. 1 ) that at both 16 and 28 weeks the plasma level in rats given the 750 mg/kg diet in both the whole-lung irradiation and whole-lung plus whole-torso irradiation groups were similar. The rats receiving the oral dose of 3750 mg/kg with wholelung irradiation showed 3-6-fold higher plasma concentrations than those receiving 750 mg/kg, consistent with the difference in the levels of consumed genistein (Supplementary Fig. 1 ; http://dx.doi.org/10. 1667/RR2562.1.S1). The data also indicate that the whole-lung plus whole-torso irradiation rats on the higher dose had lower values, and for these rats the plasma values at 28 weeks were reduced. Since levels of consumed genistein were similar in the whole-lung irradiation and whole-lung plus whole-torso irradiation groups, these results may reflect reduced uptake in whole-lung plus whole-torso irradiated rats (Supplementary Fig. 1 ; http://dx.doi.org/10.1667/RR2562.1.S1). These results for the whole-lung irradiation treated Fischer rats are estimated to be approximately 6-fold lower than those reported for Wistar rats (16) and for pregnant Sprague-Dawley rats (28) . The reasons for these differences are unclear, although the doses and conditions for delivery of the genistein were not identical to ours in these studies.
Irradiation
An image-guided microirradiator (X-RAD 225Cx, Precision X-ray Inc., North Branford, CT) was used for targeting and irradiating the desired volume in each animal. The details of imaging characterization of the unit have been described previously (29) . The unit was calibrated at 225 kVp, 13 mA for the purpose of irradiation, following the AAPM TG-61 protocol (30) , and its output is verified by routine quality assurance. Further dosimetry was done for the geometry of the whole-lung and whole-torso irradiation by using EBT Gafchromic films in solid water. The dose rates at 225 kVp, 13 mA (HVL: 0.93 mm Cu, added filtration: 0.3 mm Cu) were estimated as 3.51 Gy/min and 3.15 Gy/min at depth of 1.5 cm in solid water for the whole-lung and whole-torso irradiation, respectively. For whole-lung irradiation,
FIG. 1.
Analysis of free plasma genistein levels (ng/ml) using mass spectrometry at 16 and 28 weeks after 8 Gy whole-lung þ 4 Gy whole-torso (LWTR) irradiation or 12 Gy whole-lung (LR) irradiation in rats given a diet containing 750 mg/kg or 3750 mg/kg of genistein.
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the animals were anesthetized by isofluorane inhalation and immobilized in a Lucite jig. Isofluorane fed to tubing inside the jig maintained the anesthetic condition during irradiation. Two circular lead surface collimators (OD 4.9 cm and ID 4 cm) were inserted on the surfaces of the jig to further facilitate targeting of the lung volume with minimized diaphragm in the radiation field. Animals were imaged and adjusted inside the jig for targeting the whole lung inside the lead surface collimators. The total imaging dose was estimated as less than 1 cGy. The animal then received either 8 Gy or 12 Gy with anterior-posterior (a-p) and p-a beams. The midplane of the animal, at a depth of 1.5 cm, was placed at the isocenter. For whole-torso irradiation, the animals were anesthetized by isofluorane inhalation and placed on the couch inside the irradiator. A source collimator was used for targeting and irradiating a volume from the neck to the base of tail. The field size on the midplane of the animal, depth of 1.5 cm, was 11 3 8 cm at extended source-to-surface distance. Images were taken and the couch, which is controlled by a PC, was adjusted for targeting the desired volume. Animals were treated with a-p and p-a beams for a total dose of 4 Gy. Animals were then set up for wholelung irradiation (8 Gy), which was delivered within 5 min of the end of the whole-torso irradiation.
Breathing Rate Measurement
We measured the breathing frequency of rats using a respiration rate monitor (Columbus Instruments, Columbus, OH). The rats were acclimatized to the method several times in the 2 weeks preceding the start of the experiment. Breathing frequencies were then measured at 2, 4 and 6 weeks and then weekly from 7 to 36 weeks postirradiation. The breathing rate of each animal was measured for 2 min after an initial 45-s acclimatization period. Breathing rate was determined by taking the mean of a maximum of five 6-s intervals of calm breathing within the 2-min measurement period.
Lung Extraction and Immunohistochemistry
We used the whole left lung for immunohistochemical analysis while the lobes of right lung were used for the hydroxyproline assay and TBARS assay, respectively. For the lung tissue removal from the animals, a-MEM supplemented with antibiotics was perfused through the right ventricle of the hearts of deeply anaesthetized (ketamine/ xylazine) animals to remove as much blood in the lungs as possible. The lungs were removed and the lobes of the right lung were immediately frozen in liquid nitrogen and stored frozen until analysis. In the majority of the animals a volume (0.5-1.0 ml) of 10% buffered formalin was injected into the left lobe of the lung to expand the alveoli and the lobes were placed in 10% formalin for at least 48 h for fixation. The whole left lobe of lungs was embedded in paraffin and sections 5 lm thick were cut and placed on slides in preparation for immunohistochemical staining by the research pathology laboratory in our facility. The primary antibodies used were activated macrophage marker ED-1 (MCA341, 1:100, AbD Serotec, Oxford, UK), cytokines IL-1a (sc-1254, 1:100, Santa Cruz Biotechnology Inc., Santa Cruz, CA), IL-1b (AAR15G, 1: 1000, AbD Serotec), IL-6 (sc-1265, 1:200, Santa Cruz Biotechnology), TNF-a (sc-1357, 1:200, Santa Cruz Biotechnology), TGF-beta (MCA797, 1:50, AbD Serotec), and for 8-hydroxy-2-deoxyguanosine (8-OHdG) (MOG-110P, 1:1000, JaICA, Shizuoka, Japan). Secondary antibodies included biotinylated antimouse immunoglobulin G, IgG (BA-1000, 1:200, Vector Laboratories), biotinylated anti-rabbit IgG (BA-1000, 1: 200, Vector Laboratories) and biotinylated anti-goat IgG (BA-5000, 1: 300, Vector Laboratories) for 30 min at room temperature.
Assessment of Fibrosis in Lungs
To image fibrosis, sections from the left lung were stained with the Masson's trichrome procedure. Fibrosis was also assessed by analyzing part of the upper right lung for hydroxyproline content using a colorimetric assay on papain-digested lung tissue (P3125, Sigma-Aldrich Canada, Oakville, ON, Canada). Lung tissue (100 mg) was digested at 608C for 48 h and then subjected to acid hydrolysis for 18 h at 1108C. Free hydroxyproline was released from protein and peptides into the solution, which was then neutralized. The hydroxyproline was oxidized into a pyrrole with chloramine T (857319, Sigma-Aldrich). This intermediate turns pink in color with the addition of Ehrlich's Reagent (4-dimethylaminobenzaldehyde) (156477, Sigma-Aldrich Canada). The samples were loaded into a 96-well microplate and the absorbance was measured at 560 nm using a plate reader. The concentrations of the samples were determined from a standard curve using cis-4-hydroxy-L-proline (H1637, SigmaAldrich Canada).
Sircol Assay for Estimation of Recently Synthesized Collagen
The Sircol collagen assay (Biocolor Ltd., Belfast, UK), which measures recently synthesized collagen, was performed following the manufacturer's instructions. It is a colorimetric procedure that uses a dye reagent containing Sirius red in picric acid, which specifically binds to soluble collagen. Part of the upper right lung (25 mg) was used for the analysis. A standard curve was derived from the kit and used to determine the collagen content of samples.
TBARS Assay to Measure Malondialdehyde (MDA)
A part of the right lung (25 mg) of each rat was analyzed for MDA levels using a TBARS assay kit (Cayman Chemical Company, Ann Arbor, MI). The flash-frozen sample was thawed, sonicated for 15 s in RIPA buffer with protease inhibitors (Roche Applied Science, Laval, Quebec), and then centrifuged (1600g). The supernatant containing the lipid fraction was used for the assay. A standard curve was derived from the kit and used to determine the MDA content of samples.
Image Analysis
After antibody staining, the slides were scanned using the ScanScope XT (Aperio Technologies, Vista, CA). This is a brightfield scanner that digitizes the whole microscope slide at 203 and 403 magnification and provides high-resolution images. The images can then be viewed with ImageScope (Aperio Technologies) for quantitative analysis. Using the Positive Pixel Algorithm, the whole lung section was analyzed and the number of positive pixels/number of positive and negative pixels 3 100 was recorded (% positivity). The positive pixel count algorithm is used to quantify the amount of a specific stain present in a scanned slide image. The algorithm has a set of default input parameters preconfigured for brown color quantification in three intensity ranges (220-175, 175-100 and 100-0). Pixels that do not fall into the positive-color specification are considered negative; these pixels are counted as well, so that the fraction of positive to total stained pixels is determined. Air spaces were excluded. We analyzed at least one section from each rat for each time.
Statistical Analysis
Multiple linear regressions and Tukey's method for the adjustment of least-squares means in multiple comparisons were used for analysis of the data sets. The radiation-only group was set as the primary comparison group for these analyses since the purpose of the study was to determine the efficacy of treatments relative to this group. A P value less than 0.05 was considered as significantly different. Mixed modeling was used to examine time trends in the breathing-rate data.
RESULTS
Breathing Rate Changes in Irradiated Rats
Radiation-induced lung damage is typically separated into two phases. Radiation pneumonitis usually occurs between 772 2-4 months after irradiation and fibrosis tends to develop after 4-6 months (31). These effects reduce the functional capacity of lung and, depending on their severity and extent, can be lethal. Increases in breathing rate are widely used in rodents as an indicator of pneumonitis caused by radiation. We examined the effects of the two different levels of genistein in the diet on the breathing rate measured over a 36-week period after lung irradiation (12 Gy) or lung (8 Gy) plus whole-torso irradiation (4 Gy). Figure 2A shows that the average breathing rate increased in the rats after irradiation both in whole-lung and whole-lung plus wholetorso irradiated groups after 4/5 weeks and returned to the normal level at 13 weeks for the whole-lung irradiation group but not until 16 weeks for the whole-lung plus wholetorso irradiation group (P , 0.05). In contrast, Fig. 2B shows that no rise in breathing rate was observed until 10 weeks for the groups of rats on a genistein diet (750 mg/kg or 3750 mg/kg) with whole-lung irradiation and whole-lung plus whole-torso irradiation, returning to control levels by 16 weeks (P , 0.05 relative to radiation-only groups). The group receiving whole-lung irradiation with the 750 mg/kg genistein diet showed the smallest rise in breathing rate at 10-11 weeks compared to the other treated groups and returned to the control level at 14 weeks (P , 0.05 relative to the other radiation þ genistein-treated groups). The other three radiation plus genistein treatment groups were not significantly different.
Survival of Irradiated Rats
That the radiation treatment given to the rats was at the maximum level of their tolerance was demonstrated by the fact that a proportion of the irradiated rats had to be euthanized due to excessive morbidity in the 6-18-week (pneumonitis) time window (Fig 3) . The rats given wholelung plus whole-torso irradiation (taken as a group) showed significantly (P , 0.01) decreased levels of survival at 20-
Breathing rate (mean breaths per minute) as a function of time after irradiation. Panels A and B: Control ¼ no irradiation (soy-free diet); LR ¼ whole-lung irradiation (12 Gy); LWTR ¼ whole-torso (4 Gy) þ whole-lung irradiation (8 Gy); Gen ¼ genistein diet at 750 mg/kg or 3750 mg/kg. The drug treatments were started 1 week postirradiation and terminated at 28 weeks, and the rats were euthanized at 36 weeks. Each point represents the mean 6 SEM for all rats available for analysis at different times.
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36 weeks (15/24 ¼ 62.5%) compared to those given wholelung irradiation (22/24 ¼ 92%), suggesting that the rats were less able to tolerate this combination treatment. However, the differences were not statistically significant for the individual treatment groups. Almost all the rats that received whole-lung irradiation with genistein survived until the termination of the study at 36 weeks. There was an initial decrease of body weight in irradiated rats during the pneumonitis stage. However, after the pneumonitis stage, the irradiated rats gained weight similarly to the other rats, although the animals always had a lower weight than the controls and those on the diet with the higher level of genistein did not gain as much weight as those on the diet with the lower concentration (Supplementary Fig. 1 ; http:// dx.doi.org/10.1667/RR2562.1.S1).
Lung Fibrosis
Fibrosis tends to develop 4-6 months after irradiation and is reflective of excess collagen deposition stimulated by profibrotic cytokines such as TGF-b (31-40). Masson's trichrome stains collagen fibers and is widely used as a marker of collagen deposition and fibrosis in lung studies. A panel of photomicrographs illustrating the Masson's trichrome staining is shown in Supplementary Fig. 2 (http://dx.doi.org/10.1667/RR2562.1.S1) and shows increased staining levels in the irradiated lungs, with reduced levels in the animals given the genistein diet. Since this staining is only semi-quantitative, we measured the amount of hydroxyproline in the lungs as a quantitative measure of collagen content. Figure 4A shows the hydroxyproline content of lung tissue at 36 weeks. Both whole-lung irradiation and whole-lung plus whole-torso irradiation caused a significant (P , 0.01) increase in hydroxyproline content of the lung tissue relative to both the 12-week and 36-week controls. Both doses of genistein caused a significant decrease in hydroxyproline content in both whole-lung irradiation and whole-lung plus whole-torso irradiation groups of rats (P , 0.05), with the 750 mg/kg diet showing a greater reduction in hydroxyproline content than the 3750 mg/kg diet (P , 0.05). To assess collagen production in the lungs, we measured recently synthesized (RS) collagen using the Sircol assay (Fig. 4B) . The recently synthesized collagen was increased by both whole-lung plus whole-torso irradiation and whole-lung irradiation by similar amounts relative to the 36-week control (P , 0.05). For the whole-lung irradiation groups, both genistein diets resulted in a significant decrease (P , 0.05) relative to whole-lung irradiation, but for the whole-lung plus wholetorso irradiation groups, there was only a trend for the genistein diets to cause a decrease.
Oxidative Damage
It has been proposed that radiation-induced late effects are caused in part by chronic oxidative stress and inflammation. Increased production of reactive oxygen species, which leads to lipid peroxidation and oxidation of DNA and proteins, as well as activation of pro-inflammatory factors, has been observed in vitro and in vivo after irradiation (15, 33, 41) . Consequently we assessed the levels of oxidative damage in the lung tissue using two different measures, levels of 8-hydroxy-2-deoxyguanosine (8-OHdG), a marker of oxidative damage in the DNA (42) , and levels of malondialdehyde (MDA), a measure of lipid peroxidation. A panel of micrographs showing the 8-OHdG staining is shown in Supplementary Fig. 3 (http:// dx.doi.org/10.1667/RR2562.1.S1). The relative expression of 8-OHdG staining was determined by analyzing a whole lung section for each rat and the number of positive pixels/ number of positive and negative pixels 3 100 (% positivity) recorded (see the Methods section for details). We observed (Fig. 5A ) that there was a trend for an increase in relative expression (% positivity of staining) of 8-OHdG in whole-lung or whole-lung plus whole-torso irradiated rats at 36 weeks relative to the 36-week controls. The treatment with the 750 mg/kg genistein diet showed a trend for a decrease in 8-OHdG levels, but this did not occur in rats that received the 3750 mg/kg genistein diet. There were no differences in the whole-lung irradiation and whole-lung plus whole-torso irradiation groups. Results from the TBARS assay to quantify the MDA levels in the lungs are shown in Fig. 5B . The MDA concentration showed an increase in whole-lung (P , 0.05) and whole-lung plus whole-torso (P ¼ 0.09) irradiated rats relative to the 36-week controls. The MDA concentration was significantly decreased by the treatment of genistein with the 750 mg/kg diet (P , 0.05), but there was only a trend for lower levels with the 3750 mg/kg diet.
Levels of Inflammatory Cytokines and Activated Macrophages
Oxidative stress in the lung after irradiation is generally thought to be due to a chronic inflammatory response. Thus we assessed levels of inflammatory cytokines (IL-1a, IL-1b, 
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IL-6 and TNF-a) and levels of activated macrophages using immunohistochemistry. We also assessed levels of TGF-b, since it is one of the key players in the formation of radiation-induced fibrosis in lung tissue. The IL-1a levels were elevated in the lung tissue at 36 weeks after both whole-lung irradiation and whole-lung plus whole-torso irradiation but the genistein diets had no effect on these levels (Supplementary Fig. 4 ; http://dx.doi.org/10.1667/ RR2562.1.S1). A similar result was obtained for IL-6. There was a trend for the lower genistein diet (750 mg/kg) to give reduced values relative to radiation alone for IL-1b and TNF-a, but these effects were not significant (Supplementary Fig. 4 ; http://dx.doi.org/10.1667/RR2562.1.S1).
Panels of micrographs showing the staining for activated macrophages (ED-1) and TGF-b at 36 weeks postirradiation are shown in Supplementary Figs. 5 and 6 (http://dx.doi.org/ 10.1667/RR2562.1.S1). The relative expression of the staining was determined as described previously, and levels of activated macrophages are shown in Fig. 6A . Levels of ED-1 staining were elevated in the whole-lung and wholelung plus whole-torso irradiated groups relative to the 12-week controls (P , 0.05) and 36-week controls (P ¼ 0.1), but only the animals given the 750 mg/kg genistein diet after whole-lung irradiation showed a trend for a reduction in levels of staining. TGF-b staining levels are shown in Fig. 6B . Both whole-lung irradiation and whole-lung plus whole-torso irradiation resulted in significantly (P , 0.05) increased levels of TGF-b expression. Treatment with both genistein diets showed decreases in TGF-b expression, but only the result for whole-lung irradiation þ 750 mg/kg diet was statistically significant (P , 0.05). A comparison of these data with those for the ED-1 staining in Fig. 6A shows a similar pattern of expression for the different treatments, although the treatments did not decrease levels of ED-1 staining to the same extent as TGF-b.
DISCUSSION
In the work presented here we focused on the combination of whole-lung and whole-torso irradiation since this is a possible scenario if there is a radiation accident and there is a possibility of interacting effects in lung relating to multiorgan damage (8) (9) (10) . We were particularly interested in the effects of genistein as a mitigator of radiation-induced lung damage because of its antioxidant and anti-NFjB activity and its wide availability and low toxicity (16) (17) (18) 43) . We previously found that genistein (750 mg/kg diet) could provide some mitigation against radiation-induced lung injury out to 28 weeks in Sprague-Dawley rats even when treatment ceased at 14 weeks, but there was a limited reduction of fibrosis (22) . Consequently we were interested in examining a higher dose of dietary genistein to determine if this would provide greater mitigation and to determine if the effects would be observed in a different strain of rats. Genistein is also of interest therapeutically for cancer patients because it has been reported to inhibit invasion, metastasis and angiogenesis in vitro and in vivo in a number of cancers, although recent data have raised questions about this effect in prostate cancers (44) (45) (46) (47) (48) (49) (50) (51) (52) .
We observed an increased breathing rate after irradiation both in whole-lung and whole-lung plus whole-torso irradiated rats in the period 4-16 weeks after irradiation (the pneumonitis time window). We found that treatment with genistein caused damping and shifting of the increase in breathing rate that was particularly apparent for the animals on the 750 mg/kg diet. The higher dietary dose did 776 not result in a greater effect. Interestingly, there was no secondary elevation of breathing rate at 20-40 weeks as observed in Sprague-Dawley rats in our previous study (22) and consistent with other studies (53) . This suggests that Fischer rats may be more resistant to radiation-induced fibrosis. However, our analyses of collagen content in the lungs of the rats demonstrated significant increases in collagen content (consistent with fibrosis) at 36 weeks postirradiation. Possibly the extent of lung fibrosis was not severe enough to cause functional deficit to a critical level. Studies by others using high doses (28 Gy) to the right lung only have also demonstrated the development of severe fibrosis in the lungs of Fischer rats (54) (55) (56) . In those studies the increase in breathing rate was more prolonged, extending out to 24 weeks, possibly related to the larger dose of radiation delivered in those studies.
The results for both Masson's trichrome staining and hydroxyproline content showed that treatment with genistein resulted in a reduction of fibrosis in the rats ( Fig. 4a and Supplementary Fig. 2 ; http://dx.doi.org/10.1667/RR2562.1. S1). Disappointingly, it was again found that the higher dose of genistein in the diet did not result in a greater level of mitigation. It should be noted that these measurements were made 2 months after the cessation of the drug treatment, indicating prolonged mitigation of the radiation effect, consistent with our previous study in SpragueDawley rats when treatment was stopped at 14 weeks after irradiation (57) . Levels of recently synthesized collagen were observed to be still elevated at these late times, and the drug treatments showed evidence for a modest reduction of the increased levels (Fig. 4B) .
We have previously reported that, after partial-lung irradiation, DNA damage can be observed both in and out of the radiation field (58, 59) and that this damage can be largely suppressed by genistein or ROS scavengers given after irradiation (22) (23) (24) 60) . This supports the concept that DNA damage in the lung can be caused by the action of inflammatory cytokines and the resultant production of ROS. In the current study the drug treatments reduced levels of oxidative damage in the lungs of the rats for both DNA oxidation and lipid peroxidation, and again there was a trend for a slightly greater effect with the lower dietary treatment ( Fig. 5 and Supplementary Fig. 3 ; http://dx.doi. org/10.1667/RR2562.1.S1). These results on oxidative damage are of particular interest because, depending on repair and turnover rates, the lesions measured should reflect ongoing levels of oxidative stress rather than that induced at the time of irradiation. The higher levels in the irradiated groups thus suggest that increased levels of oxidative stress are prolonged in the irradiated animals. Since the drug treatments were stopped at 28 weeks whereas the analyses were performed at 36 weeks after irradiation, the results imply that the earlier drug treatments were able to mitigate the ongoing levels of chronic oxidative stress in the lungs.
Despite these observations, the actual measurements of inflammatory cytokines in the lung tissue at these late times showed limited evidence that the drug treatments had affected their expression (Supplementary Fig. 4 ; http://dx. doi.org/10.1667/RR2562.1.S1), although the lower dose of dietary genistein did cause reductions in the level of activated macrophages in the tissue (Fig. 6 and Supplementary Fig. 5 ; http://dx.doi.org/10.1667/RR2562.1.S1). Previous studies have reported that genistein given before whole-body irradiation (7 Gy) resulted in an elevation of IL-6 in the serum of mice at 4 h after irradiation (61) . Our previous studies with Sprague-Dawley rats demonstrated that dietary genistein significantly modified the effects of radiation on TNF-a levels in the lung postirradiation but had limited effects on radiation-induced IL-1a, IL-1b, IL-6 and TGF-b levels at times out to 6 months after irradiation [(24) and unpublished data].
One of the best known protectors for administration before irradiation is amifostine (WR 2721), which is a thiophosphate compound that is converted to an aminothiol in vivo by alkaline phosphatase. When given before irradiation it has been reported to reduce radiation-induced pneumonitis, fibrosis and plasma TGF-b level (62) . This agent has also been reported to protect humans against lung injury during radiotherapy (31, 63) , but there is little available information about its potential to mitigate or treat the development of injury. Other pharmacological agents that have been found to be partially effective for lung protection after irradiation include pentoxifylline, ACE inhibitors (such as captopril), and angiotensin receptor blockers (12, 36, 64) . Again, however, there is limited information about these agents as mitigators of radiationinduced lung damage, although captopril has been reported to mitigate survival, vascular damage and breathing rate increases in irradiated rat lung (65) .
Previous studies using antioxidants to modify radiationinduced lung damage have mostly initiated treatment prior to irradiation. However, Rabbani et al. (56) have found that chronic administration of small-molecular-weight catalytic metalloporphyrin antioxidants over a 10-week period after irradiation to female Fischer rats mitigated the effects of a single dose of 28 Gy given to the hemithorax. A more recent study (66) using the same model also reported mitigation with treatments of small-molecular-weight catalytic metalloporphyrin antioxidants that started at various times after irradiation. These authors measured effects at 10 weeks after irradiation and found that maximal mitigation occurred when the treatment was initiated within the first 12 h after irradiation. Both these studies support our findings of mitigation with genistein, although we observed equivalent effects when treatment was initiated 1 week postirradiation. Figure 3 demonstrates that the animals given whole-torso plus whole-lung irradiation had more severe morbidity than animals given whole-lung irradiation only. That this severe morbidity occurred during the pneumonitis time window suggests effects of damage to other organs on lung response MITIGATION OF RADIATION-INDUCED LUNG DAMAGE (9) . The dose to the other organs was too low to cause lethality in itself. Previous studies in mice have reported a similar result in which the lethal dose for lung irradiation was lower in mice exposed to a whole-body dose of radiation (67, 68) . This was thought to be related to the effects of radiation on circulating T cells in the animals. In our breathing rate measurements the group treated with whole-lung plus whole-torso irradiation had a prolonged increase relative to the whole-lung irradiation group, and there was a suggestion that the genistein diet (750 mg/kg) mitigated the increase to a greater extent in the whole-lung irradiation group relative to the whole-lung plus whole-torso irradiation group. However, none of the other measurements made on the lungs at the time of euthanasia of the animals demonstrated significant evidence of a greater effect in the whole-lung plus whole-torso irradiation group relative to the whole-lung irradiation group.
SUMMARY
In this study we used a simulated model of accidental radiation exposure (whole torso and whole lung) to investigate mitigation of radiation-induced lung damage. Animals given whole-torso plus whole-lung irradiation had more severe lung-related morbidity and pneumonitis than animals given whole-lung irradiation only. The lower dose of genistein (750 mg/kg in the diet) showed significant but partial mitigation of lung damage (out to 36 weeks) even when the drug treatments were initiated 1 week after irradiation and stopped at 28 weeks after irradiation. The larger dose of genistein (3750 mg/kg in the diet) was not more efficient and in some cases was less efficient in this regard. Other pharmacological agents that have been found to be effective for lung protection in rodents include statins, ACE inhibitors and angiotensin II receptor blockers (12, 13, 65) . Combining genistein with one of these drugs could open new avenues to further mitigate radiation-induced lung damage.
